Jones RD, Repa JJ, Russell DW, Dietschy JM, Turley SD. Delineation of biochemical, molecular, and physiological changes accompanying bile acid pool size restoration in Cyp7a1 Ϫ/Ϫ mice fed low levels of cholic acid.
) mice have a depleted BA pool, diminished intestinal cholesterol absorption, accelerated fecal sterol loss, and increased intestinal cholesterol synthesis. To determine the molecular and physiological effects of restoring the BA pool in this model, adult female Cyp7a1 Ϫ/Ϫ mice and matching Cyp7a1 ϩ/ϩ controls were fed diets containing cholic acid (CA) at modest levels [0.015, 0.030, and 0.060% (wt/wt)] for 15-18 days. A level of just 0.03% provided a CA intake of ϳ12 mol (4.8 mg) per day per 100 g body wt and was sufficient in the Cyp7a1 Ϫ/Ϫ mice to normalize BA pool size, fecal BA excretion, fractional cholesterol absorption, and fecal sterol excretion but caused a significant rise in the cholesterol concentration in the small intestine and liver, as well as a marked inhibition of cholesterol synthesis in these organs. In parallel with these metabolic changes, there were marked shifts in intestinal and hepatic expression levels for many target genes of the BA sensor farnesoid X receptor, as well as genes involved in cholesterol transport, especially ATP-binding cassette (ABC) transporter A1 (ABCA1) and ABCG8. In Cyp7a1 ϩ/ϩ mice, this level of CA supplementation did not significantly disrupt BA or cholesterol metabolism, except for an increase in fecal BA excretion and marginal changes in mRNA expression for some BA synthetic enzymes. These findings underscore the importance of using moderate dietary BA levels in studies with animal models.
bile acid synthesis and transport; bile acid excretion; cholesterol synthesis and transport; small intestine; liver THE FORMATION OF BILE ACIDS from cholesterol in the liver and their eventual excretion in the stools represents a major route for the elimination of cholesterol from the body (16, 28, 45, 46) . Bile acid synthesis occurs in the liver via several pathways, the predominant one usually being the classic or neutral pathway that is initiated by cholesterol 7␣-hydroxylase (CYP7A1). There are also alternate pathways that involve an initial hydroxylation of the side chain via sterol 27-hydroxylase (CYP27A1) or cholesterol 25-hydroxylase (CH25H). Both 27-hydroxycholesterol and 25-hydroxycholesterol are substrates for CYP7B1, an oxysterol 7␣-hydroxylase. In another pathway, 24-hydroxycholesterol, generated in the brain via cholesterol 24-hydroxylase (CYP46A1), is transported to the liver, where it serves as a substrate for CYP39A1, another oxysterol 7␣-hydroxylase. Each of these reactions, as well as all the subsequent steps in the bile acid synthetic pathway and the mechanisms that ultimately control the amount of cholesterol converted to bile acids, is discussed in recent reviews (9, 32, 33) .
Bile acids, in conjugated form, are secreted via the bile into the lumen of the small bowel, where they enter an intestinal pool, the preservation of which is essential for the absorption of sterols and various other classes of lipids, including essential fatty acids and fat-soluble vitamins (7) . Indeed, it has long been known that key factors influencing the amount of cholesterol that is absorbed from the small intestine and transported to the liver are the size and composition of the bile acid pool (37, 48, 51) . In the steady state, the fraction of bile acid in this pool that is excreted from the body each day is ordinarily replaced by an equal amount of newly synthesized bile acid. The bile acid pool undergoes continuous enterohepatic flux, a process that is facilitated through the action of multiple transporters (1, 11) . Specifically, these proteins are responsible for pumping bile acids across the canalicular membrane into the bile [bile salt export pump (BSEP)], reclaiming them from the ileum [apical sodium-dependent bile acid transporter (ASBT) and organic solute transporter (OST␣-OST␤)], or extracting them from the portal blood [sodium-taurocholate cotransporter polypeptide (NCTP)]. Long before these proteins were identified and their specific roles in bile acid handling delineated, the pharmacological interruption of the enterohepatic circulation of bile acids was used as an effective strategy for lowering the plasma LDL-cholesterol concentration in the treatment of atherosclerosis (15, 20) .
In recent years, new areas of research point to a more global role for bile acids in metabolic regulation beyond their critical involvement in the solubilization of lipids and the maintenance of cholesterol balance across the liver and the body as a whole (2, 19) . This development stems largely from major advances in our knowledge of how bile acids serve as activators of several nuclear receptors, such as farnesoid X receptor and pregnane X receptor, and also of cell signaling pathways in the liver and gastrointestinal tract (14, 19, 30) . One of the most clinically significant findings centers around the apparent relationship between bile acid metabolism, hepatic insulin resistance, and glucose homeostasis, which may be mediated through farnesoid X receptor-dependent and -independent mechanisms (22, 26, 38, 49, 56) . To the contrary, a more recent study suggests that glucose and insulin may be regulators of bile acid synthesis (25) . These and other findings are driving a wave of research into the association between bile acid metabolism and various disorders, such as type 2 diabetes and obesity. Many of these new areas of investigation utilize animal models with genetically altered bile acid metabolism and/or experimental diets enriched with various bile acids. In most cases, the level of bile acid incorporated into such diets is 0.5% (wt/wt), but in some studies, the amount of supplementation far exceeds this level (4, 8, 10, 18, 29, 48, 50, 53, 55) . Depending on the design of the study, such high levels of supplementation could be considered unphysiological, because the daily oral intake of bile acid is manyfold greater than the size of the animal's bile acid pool and vastly greater than the basal rate of bile acid synthesis in that animal, as measured by its daily excretion rate of acidic sterols. This practice arises in part because of the lack of published data defining the impact of graded increases in dietary bile acid supplementation on bile acid and cholesterol metabolism in the mouse and other species.
Mice deficient in CYP7A1 manifest a marked reduction in bile acid pool size and excretion, diminished intestinal cholesterol absorption, accelerated fecal neutral sterol excretion, and increased intestinal cholesterol synthesis (12, 36) . In the present study, we established a dietary cholic acid level that was sufficient to normalize these various parameters in this model. We then systematically quantitated, at a molecular and biochemical level, the changes in multiple components of intestinal and hepatic bile acid and sterol metabolism in CYP7A1-deficient (Cyp7a1 Ϫ/Ϫ ) mice and also in their matching Cyp7a1 ϩ/ϩ controls at this level, as well as lower and higher levels, of cholic acid intake. Together, the data show that decisive shifts in bile acid and cholesterol metabolism occur in response to dietary bile acid levels far lower than those traditionally used to perturb the enterohepatic circulation of bile acids in animal models.
MATERIALS AND METHODS

Animals and diets. Cyp7a1
Ϫ/Ϫ mice were generated by crossing homozygous carriers (21) . The colony was maintained on a mixedstrain background (C57BL/6:129/SvEv), and C57BL/6:129/SvEv hybrids (Cyp7a1 ϩ/ϩ ) served as control animals. To increase the survival rate of homozygous pups, the diet of nursing females was routinely supplemented with cholic acid [0.25% (wt/wt)] until the pups were weaned at 23-25 days of age. The age of the mice was 7-10 mo at the time of study in all experiments, except those involving the measurement of cholesterol absorption and neutral sterol excretion, where the mice were 3-4 mo old. All studies were done with female mice fed the meal from a cereal-based rodent diet (Wayne Lab Blox, No. 8604, Harland Teklad, Madison, WI), which contained 0.02% (wt/wt) cholesterol and ϳ5% (wt/wt) total lipid. This regimen, referred to as the basal diet, was made to contain varying levels of cholic acid (see below). Depending on the metabolic parameter being measured, the mice were housed individually or in groups of three or four in plastic colony cages with wood shavings in a light-cycled room. All animals were studied in the fed state toward the end of the dark phase of their light cycle. Many parameters of bile acid and cholesterol metabolism are sensitive to the level of caloric intake, as demonstrated by recent studies describing diurnal changes in multiple parameters of bile acid metabolism in mice (39, 54) . All experiments were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical School.
Establishment of dietary cholic acid levels to be tested in Cyp7a1
Ϫ/Ϫ and Cyp7a1 ϩ/ϩ mice. Mature female mice lacking CYP7A1 were documented to excrete ϳ5 mol of bile acid per day per 100 g body wt, which represented only ϳ36% of the output in matching Cyp7a1 ϩ/ϩ females (ϳ14 mol·day Ϫ1 ·100 g body wt Ϫ1 ) (37) . These mice, irrespective of genotype, consumed ϳ16 g of the basal diet per day per 100 g body wt (data not shown), which corresponds to the food intake we reported previously for other mouse strains (41) . From these data, we thus determined that the addition of 0.03% (wt/wt) cholic acid (mol wt 408.6) to the diet ought to provide a daily intake of bile acid (exclusive of that taken in through coprophagy) of ϳ11.7 mol·day Ϫ1 ·100 g body wt Ϫ1 . This supplementation, in addition to the animal's basal rate of bile acid excretion of 5 mol·day Ϫ1 ·100 g body wt Ϫ1 , would raise the excretion rate in the Cyp7a1 Ϫ/Ϫ mice to a level not very different from that typically found in their Cyp7a1 ϩ/ϩ counterparts. Nevertheless, it was decided that, in addition to 0.03% (wt/wt) cholic acid, we would also test the response of mice of both genotypes to half [0.015% (wt/wt)] and twice [0.060% (wt/wt)] this level of supplementation. Irrespective of the level of cholic acid supplementation, all mice maintained their weights over the feeding period. For all groups, the final body weights were 24 -28 g.
Bile acid pool size and composition and rate of fecal bile acid excretion. Pool size was determined as the total bile acid content of the small intestine, gallbladder, and liver combined. The bile acids were extracted in ethanol in the presence of [24- 14 C]taurocholic acid (PerkinElmer, Waltham, MA) and analyzed by HPLC (36) . Bile acids were detected by measurement of the refractive index and identified by comparison with authentic standards. For muricholic acids, no attempt was made to determine whether the major peak identified as ␤-muricholic acid might have also represented unknown amounts of ␣-and -muricholic acid. In all animals, cholic and muricholic acid together represented Ͼ90% of the bile acids in the pool, although the ratio of cholic to muricholic acid varied widely, depending largely on the level of dietary cholic acid supplementation. Essentially all bile acids detected in the extracted pools were taurine-conjugated. Pool size was expressed as micromoles per 100 g body wt. For the fecal bile acid measurements, stools collected over 3 days from individually housed mice were dried, weighed, and ground to a fine powder. A 1-g aliquot of this material was used to determine total bile acid content by an enzymatic method previously described (36) . The excretion rate of bile acids was expressed as micromoles per day per 100 g body wt.
Intestinal cholesterol absorption and rate of fecal neutral sterol excretion. Fractional cholesterol absorption was measured by a dualisotope method. A mixture of 2 Ci of [5,6- 3 H]sitostanol (American Radiolabeled Chemicals, St. Louis, MO) and 1 Ci of [4- 14 C]cholesterol (PerkinElmer) in medium-chain triglyceride oil (Mead Johnson, Evansville, IN) was administered intragastrically by gavage. Mice were housed individually, and stools were collected over the next 3 days. Aliquots of stool and of the original dosing mixture were extracted, and fractional cholesterol absorption (%) was calculated from the ratio of 14 C to 3 H, as previously described (36) . This method is an adaptation of a method that we originally used in hamsters and has been validated by direct comparison with the dual-isotope plasma ratio technique in that species (40) . The dual-isotope plasma and fecal ratio methods were originally established in the rat (5, 57) . These and other techniques have been systematically evaluated for measurement of intestinal cholesterol absorption in the mouse (47) . A second aliquot of stool was used to quantitate the amounts of cholesterol, coprostanol, epicoprostanol, and cholestanone by gas chromatography, and these data were used to calculate the rate of fecal neutral sterol excretion as micromoles per day per 100 g body wt.
Concentrations of total, unesterified, and esterified cholesterol in liver and small intestine. Aliquots of liver and the whole small intestine were saponified and extracted, and their total cholesterol concentrations were measured by gas chromatography using stigmastanol as an internal standard (36) . In one study, additional aliquots of liver were extracted in chloroform-methanol [2:1 (vol/vol)] for the measurement of unesterified and esterified cholesterol concentrations, as described elsewhere (43) .
Rates of cholesterol synthesis in liver and small intestine. Rates of cholesterol synthesis in liver and small intestine were measured in vivo using [ 3 H]water, as described elsewhere (36) . At 1 h after intraperitoneal administration of ϳ40 mCi of [ 3 H]water to the mice, the liver and whole small intestine were removed, rinsed, blotted, and weighed. The organs were then saponified, and the labeled sterols were extracted and quantitated as described elsewhere (36) . The rate of cholesterol synthesis in each organ was calculated as nanomoles of [ 3 H]water incorporated into sterols per hour per gram of tissue.
Relative mRNA expression analysis. Small intestines were removed, flushed with ice-cold phosphate-buffered saline, and cut into three sections of similar length. The proximal and distal sections were opened longitudinally, and the mucosae were removed by gentle scraping. These scrapings, along with aliquots of liver, were quickly frozen in liquid nitrogen. mRNA levels were measured using a quantitative real-time PCR assay (23) . All analyses were performed using the comparative cycle number at threshold method (User Bulletin No. 2, Perkin-Elmer Life Sciences) with cyclophilin as the internal control. The primer sequences used to measure RNA levels are given in Table 1 . Relative mRNA levels in individual animals were determined by expression of the amount of mRNA found relative to that obtained for Cyp7a1 ϩ/ϩ mice fed the basal diet alone, which in each case was arbitrarily set at 1.0. For RNA blotting analyses, total RNA was prepared from various tissues of 4 -10 mice (all male, except for ovary and uterus), equal amounts per animal were pooled, and poly(A) ϩ -enriched mRNA was purified. Five micrograms of this RNA were loaded per lane, separated by electrophoresis, transferred from gel to membrane, and hybridized with [
32 P]cDNA probes, as previously described (14) .
Analysis of data. Values are means Ϯ SE for the specified number of animals. Prism 5 software (GraphPad, San Diego, CA) was used for all statistical analyses. Differences between means were tested for statistical significance (P Ͻ 0.05) by one-or two-way analysis of variance with genotype and diet as factors. The Newman-Keuls multiple-comparison test for statistical significance was used for all one-way analyses of variance. Transformed data were used if unequal variance among the groups was evident by Bartlett's test.
RESULTS
Level of expression of mRNA for CYP7A1 and most other enzymes in the bile acid biosynthetic pathway is highly localized in liver.
The tissue distribution of eight of the key enzymes involved in bile acid biosynthesis, as measured by RNA blotting, is shown in Fig. 1 . With the exception of CH25H and CYP46A1, all enzymes were primarily localized to the liver. In the case of CH25H, the expression level was highest in the lung, and CYP46A1 was found almost exclusively in the brain.
Loss of Cyp7a1 function has a differential effect on the expression levels of mRNAs encoding other enzymes involved in bile acid biosynthesis. Although the Cyp7a1
Ϫ/Ϫ mouse has been widely studied, there is no documented information regarding how the expression levels of mRNA for other enzymes involved in the primary and alternate pathways of bile acid synthesis shift in the absence of CYP7A1. Given that one of the objectives of this study was to determine the impact of modest cholic acid supplementation on the level of mRNA expression for enzymes in the hepatic bile acid biosynthetic pathways of adult Cyp7a1 Ϫ/Ϫ and matching Cyp7a1 ϩ/ϩ mice, we carried out a preliminary study to measure the mRNA levels for these enzymes in mice fed a basal diet. As shown in Fig. 2 , the enzyme with the highest abundance of mRNA was 3␣-hydroxysteroid dehydrogenase (AKR1C4). Thus this level was arbitrarily set at 1.0, and the mRNA levels for other enzymes were expressed relative to this baseline. Surprisingly, for the majority of enzymes, there was no significant difference in the relative mRNA level between the Cyp7a1 Ϫ/Ϫ and Cyp7a1 ϩ/ϩ mice. The clearest exception was the mRNA level for sterol 12␣-hydroxylase (CYP8B1), which showed a decisive increase in the Cyp7a1 Ϫ/Ϫ mice. In contrast, there were modest reductions in the mRNA levels for CYP27A1 and both of the oxysterol 7␣-hydroxylases (CYP39A1 and CYP7B1).
Low levels of dietary cholic acid supplementation cause dramatic changes in bile acid metabolism in Cyp7a1
Ϫ/Ϫ mice with comparatively little effect in Cyp7a1 ϩ/ϩ controls. The data in Fig. 3 reveal two notable findings with respect to how the major parameters of bile acid metabolism in Cyp7a1 Ϫ/Ϫ mice change when small amounts of cholic acid are added to their diet. First, at a dietary cholic acid level of 0.030% (wt/wt), bile acid pool size (Fig. 3A) and fecal bile acid excretion (Fig.  3C ) were restored to values very close to those found for Cyp7a1 ϩ/ϩ mice fed the basal diet alone; however, at this level of supplementation, there was a 6.4-fold increase in the ratio of cholic to muricholic acid in the pool of the Cyp7a1 Ϫ/Ϫ mice (Fig. 3B ). This rise, which reflected an increase in the mass of cholic acid in the pool, far exceeded that in the matching Cyp7a1 ϩ/ϩ mice, where the ratio increased from 2.16 Ϯ 0.14 in mice fed the basal diet alone to 3.05 Ϯ 0.21 in the matching group fed the diet containing 0.030% (wt/wt) cholic acid. Second, in Cyp7a1 ϩ/ϩ mice, cholic acid supplementation, while having comparatively little impact on pool size and composition, consistently raised the rate of fecal bile acid excretion, but the magnitude of change at each level of supplementation was never as pronounced as it was for matching Cyp7a1 Ϫ/Ϫ mice (Fig. 3C ).
Normalization of bile acid pool size in Cyp7a1
Ϫ/Ϫ mice by cholic acid feeding restores cholesterol absorption and rate of cholesterol excretion and is accompanied by a marked increase in hepatic cholesterol concentration. As shown in Fig. 4 , the characteristically low level of cholesterol absorption and accelerated rate of fecal neutral sterol excretion evident in the Cyp7a1 Ϫ/Ϫ mice fed the basal diet alone were restored by cholic acid [0.030% (wt/wt)] feeding to values seen in matching Cyp7a1 ϩ/ϩ controls fed the basal diet (Fig. 4, A and B) . This restoration was almost fully achieved at a cholic acid level of only 0.015% (wt/wt). Doubling the cholic acid to 0.060% (wt/wt) did not have an additional effect on cholesterol absorption and excretion in the Cyp7a1 Ϫ/Ϫ mice, but it did marginally raise the fractional cholesterol absorption in the Cyp7a1 ϩ/ϩ controls. At the two higher levels of cholic acid, there was a modest, but significant, increase in the total cholesterol concentration in the small intestine in Cyp7a1 Ϫ/Ϫ mice, but not in their corresponding controls (Fig. 4C) . One of the most striking effects of these low levels of cholic acid supplementation in the Cyp7a1 Ϫ/Ϫ mice was on their total cholesterol concentrations in the liver, which increased 5.9-fold from 2.86 Ϯ 0.15 mg/g in the group fed the basal diet alone to 17.01 Ϯ 2.17 mg/g in the group fed the diet containing 0.060% (wt/wt) cholic acid (Fig.  4D) . The weight of the liver, expressed relative to body weight in this latter group of mice, was 6.0 Ϯ 0.2%, which was just above the range for all other mice in this study (5.1-5.6%; data not shown). 
G266
Compensatory inhibition of hepatic and intestinal cholesterol synthesis accompanies increase in tissue cholesterol concentrations in Cyp7a1
Ϫ/Ϫ mice given cholic acid supplementation. For the remaining studies, on the basis of the findings described in Figs. 3 and 4 , it was decided to use only a single level of cholic acid supplementation [0.030% (wt/wt)]. The primary objective of these additional experiments was to determine how cholic acid supplementation affected the rate of hepatic and intestinal cholesterol synthesis, as well as the relative level of mRNA expression for a constellation of enzymes, transcription factors, and transporters involved in the synthesis and handling of bile acids and of other proteins that regulate the intestinal synthesis and movement of cholesterol. The data in Fig. 5A show that essentially all the increase in hepatic cholesterol levels in Cyp7a1 Ϫ/Ϫ mice given cholic acid (Fig. 4D ) reflected a rise in the esterified fraction. Other groups of matching mice manifested a near-complete inhibition of hepatic cholesterol synthesis (Fig. 5B) and a significantly lower level of hepatic mRNA expression for 3-hydroxy-3-methylglutaryl (HMG)-CoA synthase (Fig. 5C ) in parallel with the markedly expanded pool of cholesteryl ester. In the case of the Cyp7a1 ϩ/ϩ mice fed the diet supplemented with cholic acid, there was a clear trend toward lower rates of hepatic cholesterol synthesis (Fig. 5B) and levels of mRNA expression for HMG-CoA synthase (Fig.  5C ), although these were not statistically significant.
Cholic acid feeding had comparatively little effect on intestinal cholesterol concentrations; however, as shown in Fig. 5D , in Cyp7a1 Ϫ/Ϫ mice fed the diet with 0.03% (wt/wt) cholic acid, the total cholesterol concentration in the small intestine (3.36 Ϯ 0.11 mg/g) was significantly higher than in matching Cyp7a1 Ϫ/Ϫ and Cyp7a1 ϩ/ϩ mice fed the basal diet alone (2.70 Ϯ 0.06 and 2.75 Ϯ 0.10 mg/g, respectively). Although cholic acid feeding did not significantly affect the rate of cholesterol synthesis or the mRNA level for HMG-CoA synthase in the small intestine of the Cyp7a1 ϩ/ϩ mice (Fig. 5 , E and F, respectively), this treatment did lower both of these parameters in the Cyp7a1 Ϫ/Ϫ mice.
Marked elevation in mRNA expression for CYP8B1 in liver of Cyp7a1
Ϫ/Ϫ mice is abolished by cholic acid feeding. Although the relative mRNA level for multiple proteins involved in the conversion of cholesterol to bile acids was measured, for the majority of these, there was no change as a function of genotype or of cholic acid intake. Therefore, in Fig. 6, A-F , the mRNA expression levels of just 6 of the 15 enzymes listed in ϩ -enriched RNA from various mouse tissues (all male, except for ovary and uterus) were resolved by electrophoresis, transferred to a membrane, and detected by [ 32 P]cDNA probes. Membrane was stripped and reprobed to detect RNAs encoding key enzymes of bile acid synthesis and the housekeeping gene cyclophilin. Fig. 1 and Table 1 are shown. The most striking changes associated with CYP7A1 deficiency were a 73% reduction in the relative mRNA level for CYP7B1 (Fig. 6D) and a 2.8-fold increase in the mRNA level for CYP8B1 (Fig. 6E) . While this level of mRNA expression for CYP7B1 in the Cyp7a1 Ϫ/Ϫ mice was unaltered by cholic acid feeding, in the case of CYP8B1, the supplementation lowered the mRNA expression level to just a fraction of that in the matching and unsupplemented Cyp7a1 Ϫ/Ϫ mice and also to levels well below those in the Cyp7a1 ϩ/ϩ mice fed the basal diet alone or the basal diet containing cholic acid. In parallel with the findings for CYP7B1, the mRNA level for CYP39A1 (the other oxysterol 7␣-hydroxylase) was lower in the Cyp7a1 Ϫ/Ϫ mice than in the matching Cyp7a1 ϩ/ϩ controls, especially after cholic acid feeding (Fig. 6C) . The dietary level of cholic acid that produced these changes in the Cyp7a1 Ϫ/Ϫ mice had comparatively little effect on the matching Cyp7a1 ϩ/ϩ controls, with the exception of a twofold increase in the relative mRNA level for CYP39A1 (Fig. 6C ) and a 43% reduction in the relative mRNA level for CYP7B1 (Fig. 6D) .
The remaining data in Fig. 6 show the relative mRNA levels in liver for various regulatory transcription factors in bile acid metabolism [hepatocyte nuclear factor-4␣, small heterodimer partner (SHP), and liver receptor homolog 1; Fig. 6, G-I] , bile acid transporters (Fig. 6, J and K) , and a canalicular sterol transporter, ABCG8 (Fig. 6L) . The most notable changes associated with CYP7A1 deficiency alone were reductions of ϳ40 -50% in the mRNA levels for SHP (Fig. 6H), BSEP (Fig. 6J) , and ABCG8 (Fig. 6L) , all of which were reversed to varying degrees by cholic acid supplementation. The most striking change in this regard was for ABCG8: the mRNA level in the Cyp7a1 Ϫ/Ϫ mice given cholic acid was 5.2-fold greater than in the unsupplemented Cyp7a1
Ϫ/Ϫ controls and 3.2-fold greater than in the unsupplemented Cyp7a1 ϩ/ϩ mice (Fig. 6L) .
Diminished intestinal expression of mRNA for various sterol and bile acid transporters and related proteins resulting from loss of CYP7A1 function is reversed to a variable degree by cholic acid feeding.
One of the main objectives of these studies was to define the impact of CYP7A1 deficiency and bile acid pool restoration on the expression of a constellation of genes involved in cholesterol and bile acid handling in the small intestine. The data in Fig. 7 show mRNA levels for multiple genes in the proximal and distal small intestine of the same mice used for mRNA analyses in the liver. The focus in the proximal region (Fig. 7, A-F) was on proteins that facilitate sterol movement across the enterocyte. For Niemann-Pick type Clike 1 (NPC1L1; Fig. 7A ), the expression level fell (32%) in the Cyp7a1 Ϫ/Ϫ mice, and this outcome changed little with cholic acid feeding. This was also the case in the Cyp7a1 ϩ/ϩ controls given cholic acid. Although flotillin-1 and flotillin-2 are believed to play a key role in NPC1L1-mediated cholesterol uptake (13) , mRNA levels for these proteins remained unchanged in the Cyp7a1 Ϫ/Ϫ animals and were unresponsive to cholic acid supplementation (Fig. 7, B and C) . This was also the case for scavenger receptor class B member 1 (SR-B1; Fig. 7D ). The pattern of mRNA expression for ABCG8 (Fig.  7E) followed that for liver (Fig. 6L) , although the changes were not as large. In the case of ABCA1, the expression level in the Cyp7a1 Ϫ/Ϫ mice fed the basal diet without supplementation was only 27% of that in the corresponding Cyp7a1 ϩ/ϩ controls. Although cholic acid feeding did not significantly change the mRNA level for ABCA1 in the Cyp7a1 ϩ/ϩ mice, in the case of Cyp7a1 Ϫ/Ϫ mice, it caused a substantial increase.
In the distal small intestine, the most pronounced change in mRNA expression levels resulting from CYP7A1 deficiency alone was seen for SHP (Fig. 7K ) and fibroblast growth factor 15 (FGF15; Fig. 7L ), with the relative mRNA level for both proteins being 80 -90% lower than in matching Cyp7a1 ϩ/ϩ mice fed the basal diet, and also for ileal bile acid-binding (33) . Full name, gene accession number, and primer sequence for each enzyme are given in Table 1 . mRNA level for individual enzymes was established by the cycle number at threshold method, with cyclophilin used as the invariant housekeeping gene. Values were adjusted arithmetically to convey 3␣-hydroxysteroid dehydrogenase (AKR1C4) as the most abundant RNA species, the expression level of which was set arbitrarily at 1.0. CYP46A1 was omitted, because this mRNA is expressed at very low levels in liver (27) . In the case of CH25H and 2-methylacyl-CoA-racemase (AMACR), only trace amounts of mRNA were detected in Cyp7a1 ϩ/ϩ and Cyp7a1 Ϫ/Ϫ mice. Values are means Ϯ SE of determinations in 5 mice of each genotype. *Significantly different from matching Cyp7a1 ϩ/ϩ control (P Ͻ 0.05).
protein (IBABP; Fig. 7H ), where a reduction of 64% was seen.
In the Cyp7a1 Ϫ/Ϫ mice, cholic acid feeding essentially normalized the expression levels for IBABP and FGF15. However, for SHP, it dramatically increased the relative mRNA in Cyp7a1 Ϫ/Ϫ mice to a level that was 27-fold greater than in their counterparts fed the basal diet alone and 4.8-fold more than for the Cyp7a1 ϩ/ϩ controls fed the basal diet. The mRNA levels for OST␣ (Fig. 7I ) and liver receptor homolog 1 (Fig. 7J ) showed little change with either genotype or diet. In the case of the mRNA level for ileal bile acid transporter (Fig. 7G) , there was a significant increase in the Cyp7a1 Ϫ/Ϫ mice, but this change was normalized with cholic acid feeding.
DISCUSSION
Several points relating to the objectives and design of these studies warrant elaboration. The first relates to the experiments being run in normal, as well as Cyp7a1 Ϫ/Ϫ , mice. This design allowed us to make a side-by-side comparison of the impact of administration of small, graded increases of bile acid via the diet, not only to mice with normal bile acid pool sizes and intestinal cholesterol metabolism but, moreover, to mice with inherently small bile acid pools, altered rates of intestinal cholesterol absorption and synthesis, and enhanced fecal sterol loss, all stemming from their lack of CYP7A1. The Cyp7a1 Ϫ/Ϫ mouse was selected mainly because this model has been defined more completely with respect to sterol metabolism than others with genetically altered bile acid metabolism (12, 36, 37, 50) . Another point concerns the selection of the bile acid species used for supplementation. While it would have been interesting to compare cholic acid and chenodeoxycholic acid, as has been done previously in a short-term feeding study with mice lacking CYP8B1 (24), we focused specifically on cholic acid, because it is a predominant bile acid in the pool of the mouse and also because it has a key role in the feedback Fig. 3 . Bile acid pool size and composition and fecal bile acid excretion rate in Cyp7a1 Ϫ/Ϫ and Cyp7a1 ϩ/ϩ mice fed graded levels of cholic acid in their diet.
Groups of adult female Cyp7a1
Ϫ/Ϫ and matching Cyp7a1 ϩ/ϩ mice were fed a basal rodent chow diet containing 0 -0.060% (wt/wt) cholic acid for 15-18 days. Values are means Ϯ SE of data from 8 mice in each group. Because 2-way ANOVA revealed significant interaction between diet and genotype, 1-way ANOVA was performed; different letters (a-f) denote statistically different values (P Ͻ 0.05). Fig. 4 . Intestinal cholesterol absorption, fecal neutral sterol excretion, and total cholesterol concentrations in small intestine and liver of Cyp7a1 Ϫ/Ϫ and Cyp7a1 ϩ/ϩ mice fed graded levels of cholic acid in their diet. Groups of adult female Cyp7a1 Ϫ/Ϫ and matching Cyp7a1 ϩ/ϩ mice were fed diets described in Fig. 3 legend. At 3 days before the end of the experiment, mice were dosed with radiolabeled sterols, and their stools were collected over the following 3 days for measurement of fractional cholesterol absorption and fecal neutral sterol excretion. Values are means Ϯ SE of data for 4 or 5 mice in each group in A-C and 8 mice per group in D. Because 2-way ANOVA revealed significant interaction between diet and genotype, 1-way ANOVA was performed; different letters (a-d) denote statistically significant values (P Ͻ 0.05).
regulation of bile acid biosynthesis (3, 24) . We gauged the response of the mice to cholic acid supplementation through the measurement of a constellation of parameters that encompass the major steps involved in the synthesis, enterohepatic flux, and disposition of bile acids and cholesterol. Together, the data reveal informative findings about the widely differing sensitivity of Cyp7a1 Ϫ/Ϫ mice and their Cyp7a1 ϩ/ϩ counterparts to the delivery of physiological amounts of cholic acid from the diet into their intestinal pools.
Two major sets of conclusions can be drawn from these data: one relates to the changes in the synthesis, storage, transport, and disposition of bile acids, while the other centers on the impact of these changes in bile acid metabolism on the handling of cholesterol by the small intestine and liver. Although we had projected that a dietary cholic acid level as low as 0.03% (wt/wt) should be sufficient to restore bile acid pool size in Cyp7a1 Ϫ/Ϫ mice to that in Cyp7a1 ϩ/ϩ mice fed the basal diet alone, our initial experiments nevertheless also tested levels of cholic acid supplementation equal to half [0.015% (wt/wt)] and twice [0.060% (wt/wt)] this dose. While the intermediate level of supplementation, which provided an intake of cholic acid of just 4.8 mg (11.7 mol) per day per 100 g body weight, did normalize the pool size in the Cyp7a1 Ϫ/Ϫ mice (Fig. 3A) , it also resulted in marked cholic acid enrichment of the pool (Fig. 3B) . This enrichment had no discernible impact on the expression of mRNA for any of the three enzymes involved in the initiating steps of the alternate pathways of bile acid synthesis: CYP27A1 (Fig. 6B) , CYP39A1 (Fig. 6C) , and CYP7B1 (Fig. 6D) . However, there was a large reduction in the level of mRNA expression of CYP8B1 (Fig.  6E) , as well as a greater than twofold increase in the relative level of mRNA for SHP (Fig. 6H) . There was also a marginal rise in the mRNA level for BSEP (Fig. 6J ) but no discernible change in mRNA for NTCP (Fig. 6K ). In the distal small intestine, the impact of restoring the bile acid pool on the level of mRNA expression for several proteins that act as sensors of changes in bile acid flux or that facilitate the transport of bile acids at various points in the enterohepatic cycle was particularly striking. Thus, with the deficiency of bile acids now corrected, the mRNA level for ileal bile acid transporter fell (Fig. 7G) , while the mRNA level for the cytosolic IBABP (Fig.  7H) and Ost␣ (Fig. 7I ) increased significantly. In the case of SHP (Fig. 7K) and FGF15 (Fig. 7L) , the expression level of mRNA was manyfold greater in the Cyp7a1 Ϫ/Ϫ mice fed the diet containing cholic acid than in those fed the basal diet alone. While many of the changes accompanying pool restoration are directionally what might have been predicted for this model, what should be emphasized is the low level of dietary cholic acid content that precipitated these changes.
With respect to bile acid metabolism in the matching Cyp7a1 ϩ/ϩ mice, their response to the intermediate level of cholic acid intake was more subtle. The relative mRNA level for CYP7A1 was only marginally lower (P Ͼ 0.05) in the cholic acid-fed Cyp7a1 ϩ/ϩ mice (Fig. 6A) , and there was also no consistent impact on the mRNA levels for CYP27A1 (Fig.  6B) , CYP39A1 (Fig. 6C ), or CYP7B1 (Fig. 6D) . A suppression was nevertheless evident in the case of CYP7B1. Although mRNA was not measured in the liver of any of the mice fed the diet supplemented with 0.06% (wt/wt) cholic acid, a more conspicuous change in the mRNA level for CYP7A1, and perhaps for other genes that regulate bile acid synthesis and handling, might have been manifest at this level of supplementation, because there were discernible changes in the size of the bile acid pool (Fig. 3A) and its composition (Fig. 3B) . This possibility seems likely on the basis of findings in other studies in which there was a marked-to-complete suppression of expression of mRNA for CYP7A1 (24, 34, 50) and up to more than a twofold increase in the level of mRNA for SHP (24) in Cyp7a1 ϩ/ϩ mice fed diets containing significantly more cholic acid [0.10, 0.25, or 0.5% (wt/wt)]. At a dietary cholic acid level of 0.5% (wt/wt), the mRNA level for CYP7B1 was reduced by ϳ70% (34), and there was also a clear reduction in the mRNA level of the bile acid transporter NCTP (50) .
The data in Fig. 6 , B-D, raise the general question: Why were the mRNA levels for CYP27A1, CYP39A1, and CYP7B1 consistently lower in the Cyp7a1 Ϫ/Ϫ mice than in their match- ing Cyp7a1 ϩ/ϩ controls, irrespective of whether they were given any cholic acid in their diet? This question cannot be answered from other measurements described here, but it is clear from earlier studies in Cyp7a1 Ϫ/Ϫ mice that the amount of bile acid generated by the alternate pathways, while equal to about only one-third of that found when CYP7A1 is present, is sufficient to sustain the animals throughout life after ϳ3 wk of age (12, 21, 35, 37) . It is also known that the amount of bile acid made via these alternate pathways does not vary with gender and remains unchanged in the face of a marked increase in dietary cholesterol intake or the disruption of the enterohepatic circulation of bile acids by feeding of cholestyramine (37) . All these various findings were based on the use of fecal bile acid excretion rates as a surrogate measure of the rate of bile acid synthesis in the intact animal. While this technique has been applied in many animal models and also in humans under a diverse set of experimental conditions (15, 17, 31, 42, 52) , its application to the measurement of bile acid synthesis rates in animals supplemented with even small levels of dietary bile acid is not valid, because, with rare exception, there is no way to determine the fraction of the acidic sterols appearing in the stool that comes from new synthesis vs. the diet. Given this caveat, a particular comment on what can be concluded from the fecal bile acid excretion rates in the present studies (Fig.  3C) is warranted. For the Cyp7a1 ϩ/ϩ and Cyp7a1 Ϫ/Ϫ mice, the rate of fecal bile acid excretion increased significantly with almost every step-wise increment in the dietary cholic acid level starting at 0.015% (wt/wt). However, the magnitude of increase from one step to another was always higher in the Cyp7a1 Ϫ/Ϫ mice than in their corresponding Cyp7a1 ϩ/ϩ con- trols. One interpretation of this outcome is simply that, with progressively greater degrees of inhibition of the CYP7A1 activity paralleling cholic acid intake, the quantity of bile acid newly synthesized via the neutral pathway appearing in the stool of the Cyp7a1 ϩ/ϩ mice falls proportionately but never to zero, as it does in the Cyp7a1 Ϫ/Ϫ mice. The more important point to be taken from the data in Fig.  3C relates to the practice of coprophagy by mice in general. In the early stages of maturity, mice reingest Ն10% of their daily stool output (6) . Clearly, the higher the level of dietary bile acid supplementation, the more bile acid will be taken in through consumption of stool, thus adding to the exogenous bile acid load with which the small bowel and liver must deal. Moreover, the species of bile acid in the stool may be quite variable and include the secondary bile acids deoxycholic and lithocholic acid (12, 35) . Thus, when these points are considered together, the first major conclusion from these studies is that, depending partly on the genetic makeup of the animal, the feeding of exaggerated amounts of bile acid in the diet might well induce changes in one or more aspects of bile acid metabolism that do not represent a true physiological response.
The second major conclusion from this work relates to the marked sensitivity of many parameters of cholesterol metabolism to changes in bile acid pool size and composition resulting from dietary bile acid supplementation. The magnitude of these changes is dictated largely by the extent to which cholesterol absorption and the amount of chylomicron-cholesterol delivered to the liver change as a consequence of shifts in bile acid pool size and composition. In the case of the Cyp7a1 ϩ/ϩ mice, the only discernible change in cholesterol metabolism in response to the intermediate level of cholic acid supplementation was a trend toward a lower rate of hepatic cholesterol synthesis (P Ͼ 0.05; Fig. 5, B and C) . Clearly, more decisive changes in this and other parameters of cholesterol metabolism might have been found in Cyp7a1 ϩ/ϩ mice at twice the level of cholic acid supplementation [i.e., 0.06% (wt/wt)], because the subtle changes in bile acid pool size and composition at this dose (Fig. 3, A and B) were accompanied by an increase in fractional cholesterol absorption from 56.5 Ϯ 6.3% to 78.6 Ϯ 3.0% (Fig.  4A) . Irrespective of whether this is the case, in the Cyp7a1 Ϫ/Ϫ mice given cholic acid at the intermediate level, there were striking changes in virtually every aspect of cholesterol metabolism measured. Normalization of bile acid pool size and the accompanying cholic acid enrichment of the pool (Fig. 3, A and B) culminated in a major increase in hepatic cholesterol content, mainly in the esterified fraction (Figs. 4D and 5A ). This outcome was likely due to the inability of the liver to convert cholesterol of intestinal origin to bile acids, not only because of the absence of CYP7A1, but also because of the unresponsiveness of the alternate pathways of bile acid synthesis to an expanding intrahepatic pool of surplus cholesterol (37) . In addition to esterifying much of this cholesterol, the liver exhibited the classic responses of completely repressing de novo synthesis (Fig. 5, B and C) and accelerating cholesterol efflux via ABCG5/ABCG8 (Fig. 6L) . One unexpected finding was the impact of the intermediate dietary cholic acid level on cholesterol metabolism in the small intestine of the Cyp7a1 Ϫ/Ϫ mice. There was a modest, but significant, rise in the total cholesterol concentration (Fig. 4C) , a marked inhibition of cholesterol synthesis (Fig. 5, E and F) , and an increase in the expression levels of mRNA for ABCG8 and ABCA1 in the proximal region of the small intestine (Fig. 7, E and F) .
Taken together, the results from these studies point to the importance of using very low levels of bile acid in diets, especially when they are given to mouse models with genetic alterations in some aspect of their bile acid metabolism. Ideally, this level of bile acid supplementation should only be large enough to restore the pool size and activity of relevant metabolic pathways to physiological levels and should not be so high as to induce pharmacological or, possibly, artifactual changes in a biological process of interest. The current studies illustrate how small the supplements should be to delineate with greater certainty the role that specific bile acid species might play in the pathogenesis and management of metabolic diseases such as obesity and type 2 diabetes (22, 26, 44, 49, 56) .
